A novel type of tr ilsion system ha been devdoped by us*ig a secretory proti,s i-lactamase, as an tor. The -Ia structural gene was moi to provide N-termn of 13 and 162 amino acids, and in both cases, the fusion protein was proessd and the mtu active enzyme was secreted; thus, the expression of a particulr upstream gene can be analyzed by the 1-lactamase activity.
The use of gene fusions has greatly facilitated analysis of gene expression and its regulation (30) . In transcriptional (operon) fusions, translation of the index gene is initiated from its normal translational start point. In translational (protein) fusions, the index gene is fused in frame to the coding sequence of the gene whose expression is to be analyzed. In translational fusions, useful index enzymes are limited to those that can tolerate an N-terminal extension while retaining enzymatic activity. While the most widely used of such enzymes, the p-galactosidase of Escherichia coli, can tolerate any known N-terminal extension, much experimentation is necessary before the same can be said of other enzymes. We attempted unsuccessfilIly to use the P-galactosidase technology with Staphylococcus aureus. We then turned to the plasmid-encoded p-lactamase of S. aureus (BlaZ), which has been well characterized genetically and biochemically (22, 28) and for which both amino acid and DNA sequences have been determined (1, 35) . A variety of colorimetric assays exist (31) , including plate detection tests (23) and a microiodometric assay that is sensitive enough to measure activity corresponding to one molecule of enzyme per 103 cells (21) . Since p-lactamase is a secretory protein and the effect of an N-terminal extension of the mature protein on enzyme activity is unknown, we decided to act on the basis of recent observations indicating that secretory proteins with N-terminal extensions of their precursors can be processed and secreted normally (6, 10, 32) .
Based on a blaZ-containing S. aureus-Bacillus subtilis-E. coli shuttle vector, pWN101 (35) , two translational fusion vectors were constructed by deletion of the blaZ promoter and its ribosomal binding site (RBS) and insertion of the multiple cloning site from pUC19 (37) immediately upstream of the blaZ signal sequence in both orientations. pLactamase hybrids with N-terminal extensions of different lengths were processed and secreted effectively.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and culture conditions. Bacterial strains used were S. aureus RN450 (NCTC 8325) (24) , RN4220 (a mutant that is an efficient acceptor of E. coli DNA [13] ), B. subtilis BD224 (BGSC 1A46), and E. coli K-12 AB259 (HfrH thi-1 rel-1 X- [16] ). Plasmids used in this study are listed in Table 1 . pWN101 (35) is a cointegrate of S. aureus plasmid pC194 (11) and E. coli plasmid pAO7 (26) , which contains a constitutive derivative of the staphylococ-* Corresponding author. cal pI258 p-lactamase gene (blaZ). Plasmid pGR71-P43 (kindly provided by Roy H. Doi) consists of a 471-base-pair HindIll fragment from the B. subtilis chromosome cloned onto a B. subtilis-E. coli shuttle vector, pGR71 (34) . This HindIII fragment contains overlapping strong constitutive promoters (which have been well characterized), an RBS, and the codons for the nine amino acids on the N-terminal end of a B. subtilis protein (P43) of unknown function (34) . E. coli and B. subtilis cells were grown in L broth, and S. aureus was grown in 0.3 CY medium (22) . Cells harboring plasmids were grown with antibiotics as follows: E. coli with ampicillin (75 ,ug/ml); E. coli, B. subtilis, and S. aureus with chloramphenicol (5 ,ug/ml) and kanamycin (10 ,tg/ml); and S. aureus with tetracycline (15 ,ug/ml).
Transformation. Protoplast transformation of S. aureus was carried out as described by Chang and Cohen (4), as modified for S. aureus (19) . Transformation of B. subtilis was done with frozen competent cells as described by Contente and Dubnau (5).
Biochemical methods. DNA sequencing was carried out as described by Sanger et al. with "-S-dATP (2) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was done as described previously (15) . The of blaZ. The endpoints in the blaZ leader region in those deletions were mapped by DNA sequencing (Fig. 1 ).
Test for vector-initiated transcription. pWN320 which lacks the blaZ promoter but retains the RBS sequence permitted a test for vector-initiated transcription of the blaZ gene. A P-lactamase assay of cells harboring pWN320 revealed no detectable activity in S. aureus or B. subtilis (less than 1 U/g [dry weight] of bacteria). However, P-lactamase activity was detected in E. coli (450 U/g [dry weight] of bacteria) corresponding to less than 0.1% of the activity observed with the native blaZ promoter in this species (35) . The location of the promoter responsible for this activity is unknown. Because of this residual activity, the vector would have to be modified further for use in E. coli.
Residual translation from RBS sequence deletions. The index gene in a translational fusion vector must not be able to initiate translation at its native start site. An active constitutive promoter was inserted at the HindlIl site of the vectors (pWN318 and pWN543), with deletions affecting the blaZ RBS sequence as well as pWN320 (positive control). The resulting plasmids were pWN1801, pWN4301, and pWN3201 (Table 1 ). The promoter used was that for a gene from the staphylococcal plasmid pT181 (12) , which encodes the negative regulator of plasmid replication, countertranscript RNA (14) (Fig. 2) . ,-Lactamase activities in S. aureus, B. subtilis, and E. coli cells containing derivative plasmids with the countertranscript RNA promoter are listed in Table   2 . The 1-lactamase activities from these fusions in E. coli were at a level similar to that from the vector without a specific promoter insert. Therefore, the transcription initiation site in these fusions in E. coli is uncertain. However, since these fusions all have the same transcriptional apparatus upstream of the blaZ structural gene, the observed B-lactamase activities were assumed to be a function of the relative translation efficiency. Note that the deletion of the first G of the RBS site (pWN4301) caused a small decrease in B-lactamase activities in S. aureus and B. subtilis, but a small increase in the 1-lactamase activity in E. coli. Deletion of the second G (pWN1801) reduced the ,-lactamase activity in S. aureus by about 99%. The residual activity in E. coli was similar to that in S. aureus, whereas that in B. subtilis was about 10-fold lower. This latter figure is at the lower limit of detectability and is therefore uncertain. The lower level of expression of these fusions in B. subtilis might be due to proteolytic degradation and lower copy number of the fusion vectors used in B. subtilis (35) . Nonetheless, the residual activity of pWN1801 was low enough to permit use of pWN318 as a translational fusion vector.
To make pWN318 more suitable for cloning, the multiple cloning site from pUC19 (37) was inserted in both orientations at the HindlIl site. These constructs were designated pWN1818 and pWN1819 according to the orientations of the multiple cloning site relative to the blaZ gene, following the same convention as with pUC18 and pUC19 with sites relative to the lacZ gene. The HindIII, SphI, PstI, BamHI, SmaI, KpnI, and SstI sites in the multiple cloning site are not present elsewhere in the vector (Fig. 3) .
Translational fusion of P43' and Pre' to BlaZ. The translational fusion vector was tested by the construction of two translational fusions. [7] ) were inserted into the HindIII site of pWN318. In these derivatives, the coding sequences ofp43 and pre were fused in frame to that of blaZ resulting in N-terminal extensions of 13 and 162 amino acids (including 4 amino acids encoded by the residual 12 base pairs from the blaZ leader region). The resulting plasmids, pWN1802 (pWN318-P43) and pWN1803 (pWN318-Pre) (Fig. 4) Fig. 1 legend for that from pWN1802 and pWN110, presumably because the pre promoter is much weaker than those for P43 and blaZ (which are both known strong promoters). Therefore, the 1-lactamase secreted by this strain could not be visualized on gels with the low-sensitivity staining technique (Coomassie blue stain) used in this study. DISCUSSION A translational fusion system, with a secretory enzyme as an indicator for the study of gene regulation in S. aureus, has been developed by creating two translational fusion shuttle vectors, pWN1818 and pWN1819 (Fig. 3) , which contain the multiple cloning site from pUC19 in either orientation, just 5' to the staphylococcal 1-lactamase structural gene lacking an active RBS. ,B-Lactamase activity resulting from vectorinitiated transcription was negligible in S. aureus and B. subtilis, but appreciable in E. coli. Thus, the vector would have to be modified further for use in E. coli.
The system developed in this study was tested by the construction of two translational fusions in which the Nterminal regions of proteins P43 (34) and Pre (7) were fused in frame to the signal peptide of ,B-lactamase, resulting in extensions of 13 and 162 amino acids, respectively. Examination by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the culture supernatants from the P43'-BlaZ fusion showed that the mobility of mature soluble 1-lacta- As a further test of the utility of this system for the study of gene regulation, translational fusions were constructed to two genes. The Pre'-BlaZ fusion described previously (see Results) was used to demonstrate autoregulation of this gene. The basis for suspecting autoregulation is that the specific recombination site in pT181 acted on by the putative Pre recombinase overlaps the pre promoter (7) . When the Pre protein was provided in trans from a donor plasmid, the Pre'-BlaZ fusion exhibited a threefold decrease in 13-lactamase activity (P. Wang and M. Gennaro, unpublished data). In another set of experiments, we constructed translational fusions of the blaZ gene to the 5'-terminal portion of repC, the gene encoding the replication protein for the plasmid pT181 (22 copies per cell) and a copy mutant, cop-618 (pT181, nucleotide 312 C to A, 200 copies per cell) (3) (Fig. 2) . pT181 replication control is at the level of RepC synthesis (3, 17) . By an assay of the ,B-lactamase activity from these fusions, it was shown that BlaZ expression in the fusion of the cop-618 control region is approximately 20-fold higher than its expression in the fusion with the wild-type control region (P. Wang, unpublished data). This result agrees well with that predicted from the increase in copy number of the cop-618 mutant relative to the wild-type plasmid. Thus, the bla fusion system is suitable for the study of gene regulation in S. aureus.
It seems likely that a number of well characterized secretory enzymes in procaryotes might be good candidates for indicator proteins in translational fusion systems. Since there are striking similarities in the mechanisms of protein export of procaryotes and eucaryotes (27) , it should be possible to apply the translational fusion system reported here to develop similar systems for the study of gene regulation in eucaryotes. It has been reported that the E. coli plasmid-encoded 13-lactatnase is secreted when the gene is introduced into either the yeast Saccharomyces cerevisiae (29) or oocytes of the amphibian Xenopus sp. (36) and that plasmids from S. aureus including pC194 can replicate in S. cerevisiae (9) . Therefore, it may be possible to use the translational fusion vectors pWN1818 and pWN1819 in both procaryotes and eucaryotes.
Our (8) . Deletion of two Gs decreased the expression of ,-lactamase dramatically in E. coli (Table 2) , even though the calculated free energy (-9.2 kcal/mol) was well within the permissible range for translation in E. coli. However, it is believed that the rate-limiting steps in translation are usually different from, and not proportional to, the free energy of the Shine-Dalgarno interaction in E. coli (8) .
